The lactocrine hypothesis for maternal programming of female reproductive tract development is based on the idea that non-nutritive, milk-borne bioactive factors (MbFs), delivered from mother to offspring during nursing, play a role in determining the trajectory of development with long-term consequences in the adult. Porcine female reproductive tract development is 
secretions from the mammary gland for 24-48 hr from the onset of parturition (Klobasa, Werhahn, & Butler, 1987) . Neonatal consumption of colostrum/milk provides nutritive and immunological support for developing young, as well as non-nutritive milk-borne bioactive factors (MbFs) (Burrin, Shulman, Reeds, Davis, & Gravitt, 1992; Fiorotto, Davis, Reeds, & Burrin, 2000; Grosvenor, Picciano, & Baumrucker, 1993) . Lactocrine was the term coined to describe the delivery of MbFs from mother to offspring as a specific consequence of nursing (Yan, Wiley et al., 2006) . The lactocrine hypothesis for maternal programming of female reproductive tract development was proposed to include both short-term organizational effects of nursing on programming of neonatal development, as well as long-term consequences on the trajectory of development in the adult . .
| MATERNAL PROGRAMMING AND THE LACTOCRINE HYPOTHESIS
In ungulate species, including the pig, functions of colostrum include support of neonatal gastrointestinal tract development (Farmer & Quesnel, 2009; Guilloteau, Zabielski, Hammon, & Metges, 2010; Odle, Zijlstra, & Donovan, 1996; Xu, 1996; Zabielski, Godlewski, & Guilloteau, 2008) . The idea that non-nutritive MbFs affect growth and development of neonatal somatic tissues beyond the gastrointestinal tract is also recognized (Bartol & Bagnell, 2012; Burrin et al., 1992; Burrin, Davis, Fiorotto, & Reeds, 1997; Koldovsky, 1996; Neville et al., 2012) . Evidence from multiple species indicates that lactocrine signaling can affect neonatal developmental events with lasting consequences. For example, compelling data for the tammar wallaby indicate that milk composition, rate of milk production, timing of milk consumption, and milk intake affect the developmental trajectory and offspring phenotype (Kwek et al., 2009; Menzies, Shaw, Fletcher, & Renfree, 2007; Modepalli et al., 2014; Trott et al., 2003) . In the rat, disruption of normal lactocrine input from birth altered patterns of mammotrope differentiation and impaired adult prolactin secretion (Nusser & Frawley, 1997) . In mice, changes in milk chemokine content altered patterns of neonatal hippocampal development, with longterm effects on spatial memory (Liu et al., 2014) . Maternal lactocrine effects on infant behavioral trajectory documented in the rhesus macaque were attributed to milk-borne glucocorticoids (Hinde et al., 2015) . Finally, a role for lactocrine-active MbFs in programming of bovine mammary gland development was recently proposed (Moallem et al., 2010; Soberon & Van Amburgh, 2013) . These observations, taken together with data for the pig indicating that suboptimal lactocrine input from birth can permanently impair the reproductive performance of female pigs Vallet, Miles, Rempel, Nonneman, & Lents, 2015) , support the lactocrine hypothesis for maternal programming of postnatal development .
The lactocrine hypothesis suggests that disruption of maternal lactocrine signaling from birth will alter the developmental program and trajectory of (somatic/reproductive tract) development, with short-term organizational effects and long-term consequences for reproductive performance.
| MILK AS A CONDUIT FOR MbFs
Described, fundamentally, as a "nutrient delivery system," milk is more than food (Hinde & German, 2012) and can be viewed as a complex, sophisticated lactocrine signaling system that supports speciesspecific neonatal growth and development (Burrin et al., 1992; Fiorotto et al., 2000; Koldovsky, 1996; Odle et al., 1996; Melnik, John, & Schmitz, 2013; Melnik et al., 2016; Neville et al., 2012) . MbFs include proteins, growth factors, native and latent bioactive peptides Madureira, Tavares, Gomes, Pintado, & Malcata, 2010; Meisel, 2005) , oligosaccharides, fatty acid-derived molecules, and steroid hormones (Blum & Baumrucker, 2008; Bernstein & Hinde, 2016; Grosvenor et al., 1993; Schanbacher, Talhouk, Murray, Gherman, & Willett, 1998; Sharp et al., 2014; Tao et al., 2011) . Milk also contains microRNAs (miRNAs), as evidenced by data for the human (Kosaka, Izumi, Sekine, & Ochiya, 2010) , goat (Ji, Wang, Xie, Zhang, & Wang, 2012) , cow (Hata et al., 2010) , tammar wallaby , and pig (Chen et al., 2014) . These non-coding RNAs regulate gene expression posttranscriptionally (Bartel, 2004) , and are stable in body fluids, including milk (Gigli & Maizon, 2013) . Both peptides and miRNAs can also be packaged selectively in exosomes (Johnstone, Adam, Hammond, Orr, & Turbide, 1987; Melnik, John, & Schmitz, 2014; Miksa et al., 2009; Zhang et al., 2015) .
First described as exfoliated membrane vesicles with potential physiologic functions (Trams, Lauter, & Heine, 1981) , exosomes are naturally secreted nanoparticles (Vlassov, Magdaleno, Setterquist, & Conrad, 2012) found in body fluids including blood, saliva, urine, and milk (Hata et al., 2010; Gu et al., 2012; Lasser, Eldh, & Lotvall, 2012; Lasser et al., 2011; Melnik et al., 2014; Reinhardt, Lippolis, Nonnecke, & Sacco, 2012; Simpson, Jensen, & Lim, 2008) . Exosomal cargo includes proteins (Gross & Boutros, 2013; Johnstone et al., 1987; Miksa et al., 2009 ) and both mRNA and miRNA (Belting & Wittrup, 2008; Chen, Liang, Zhang, Zen, & Zhang, 2012; Gu et al., 2012; Hata et al., 2010; Melnik et al., 2013; Ramachandran & Palanisamy, 2012; Valadi et al., 2007; Zhou et al., 2012; Zomer et al., 2010) . Thought to play a role in intercellular communication (Gross, Chaudhary, Bartsch- Tan, Rajadas, & Seifalian, 2013; Vlassov et al., 2012) , exosomes can fuse with cells via the plasma membrane (Vlassov et al., 2012) and pass their complex cargo on to target cells in a biologically active form (Gigli & Maizon, 2013; Gross et al., 2012; Lee et al., 2012; Melnik et al., 2014; Vlassov et al., 2012; Zempleni et al., 2016) . By enabling intercellular communication, exosomes can affect developmentally critical events such as cell proliferation, morphogen transport, apoptosis, cell migration, establishment of cell polarity, and tissue patterning (Chen et al., 2016; Gross et al., 2012; Lakkaraju & Rodriguez-Boulan, 2008; Vlassov et al., 2012) .
Exosomes are present in the milk of humans (Admyre et al., 2007; Kosaka et al., 2010; Zhou et al., 2012) , cattle (Hata et al., 2010; Reinhardt et al., 2012; Yamada, Inoshima, Matsuda, & Ishiguro, 2012) , and pigs (Chen et al., 2014 (Chen et al., , 2016 Gu et al., 2012) . Data for the cow (Hata et al., 2010) and pig (Chen et al., 2014 (Chen et al., , 2016 Gu et al., 2012) indicate that milk-borne exosomes may constitute an important platform for the communication of complex lactocrine signals supportive of neonatal growth and development (Melnik et al., 2013 (Melnik et al., , 2016 . Analysis of lactation-related, exosomal miRNA profiles in pigs identified two major groupings characteristic of milk from lactation Days 0-3 (colostrum) and 7-28 (mature milk), with immune-related miRNAs expressed at relatively high levels throughout the period studied (Gu et al., 2012) .
Porcine exosomal miRNAs were resistant to prolonged incubation at varying temperatures, low pH, repeated freeze-thaw cycles, and RNase exposure, indicating stability in extreme physicochemical environments. In a comparison of neonatal pigs fed only colostrum versus only milk, colostrum-only pigs exhibited higher circulating levels of immune-related miRNAs (Gu et al., 2012) . These and other observations (e.g., Melnik et al., 2016; Zomer et al., 2010) are consistent with the idea that miRNAs in milk exosomes can be communicated from mother to offspring via a lactocrine mechanism.
Evidence of exosome-mediated horizontal transfer of RNAs Ramachandran & Palanisamy, 2012) and cross-kingdom regulation of gene expression, whereby plant miRNAs ingested as food by mammals affect expression of mammalian target genes , provide additional support for the idea that lactocrinemediated signals of exosomal origin could affect the neonatal developmental program (Melnik et al., 2016) .
Lactocrine transmission of information to neonates may also occur through maternal somatic cells delivered in milk. For example, immune cells are present in porcine milk (Scharek-Tedin et al., 2015) , and data for the mouse (Weiler, Hickler, & Sprenger, 1983; Zhou et al., 2000) , baboon (Jain et al., 1989) , and lamb (Schnorr & Pearson, 1984) indicate that milk-borne immune cells delivered to infants via nursing can cross the neonatal intestinal mucosa, enter the bloodstream, and accumulate in different organs. Considered in light of evidence for the presence of stem cells with multi-lineage properties in human breast milk (Hassiotou et al., 2012) , data support the idea that lactocrine- 
| RELAXIN IS A PROTOTYPICAL PORCINE MbF
Relaxin is a 6-kDa protein hormone detectable in the milk of multiple species, including humans (Eddie et al., 1989) , dogs (Goldsmith, Lust, & Steinetz, 1994) , and pigs (Yan, Wiley et al., 2006) . Evidence that exogenous relaxin has uterotropic effects in the neonatal pig (Yan, Ryan, Bartol, & Bagnell, 2006) led to studies designed to identify a natural source of relaxin in the neonate. Porcine colostrum was identified as the source of relaxin in neonatal pigs, with greatest immunoactivity detected within the first 24 hr after birth (Yan, Wiley et al., 2006) . Biologically active, 18-kDa prorelaxin is the form of the hormone in porcine colostrum/milk, with highest levels detected in early lactation (9-19 ng/ml) then declining (<2 ng/ml) by lactation Day 14 . Similar to other milk-borne hormones (Grosvenor et al., 1993) , relaxin levels in the pig and other species are higher in milk when compared to the maternal circulation (1 ng/ml) (Sherwood, Nara, Welk, First, & Rutherford, 1981) . Evidence for RLX expression in mammary tissues of lactating sows and that prorelaxin is found in porcine milk suggests local production by the mammary gland rather than sequestration of native 6-kDa relaxin from the maternal circulation. Serum relaxin levels are highest in nursed pigs during the first 2 days of neonatal life.
Importantly, relaxin is undetectable in the circulation of pigs at birth, prior to nursing and in neonates fed a milk replacer instead of nursing (Yan, Wiley et al., 2006) . Detection of relaxin in milk and in the circulation of nursing pigs correlates with gut closure, estimated to occur between 24 and 48 hr after birth (Lecce & Morgan, 1962) . These data, indicating maternal transfer of relaxin to offspring as a specific consequence of nursing, provide strong support for relaxin as a prototypical porcine MbF.
Criteria for assessing whether a MbF has effects in nursing offspring in a lactocrine-driven manner were proposed (Peaker & Neville, 1991) , since detection of bioactive factors in milk does not establish that they have actions in the neonate (Peaker, 2002) .
Evidence that porcine relaxin meets the criteria for a lactocrine-active MbF includes (i) detection of bioactive relaxin in colostrum/milk and in the neonatal circulation only if pigs are permitted to nurse; (ii) Relaxin receptor (RXFP1) expression by porcine uterine (Yan, Wiley et al., 2006) and cervical (Yan et al., 2008) tissues from birth; and (iii) exogenous relaxin administered to neonatal gilts for 2 days, from birth promotes uterine (Yan, Ryan et al., 2006) and cervical growth (Yan et al., 2008) . In neonatal pigs, daily milk intake is estimated to be up to 30% of body weight (Coalson & Lecce, 1973) . Therefore, within the first few days of birth, before gut closure, neonatal pigs can ingest microgram quantities of bioactive relaxin. In addition to actions on the female reproductive tract, relaxin targets non-reproductive tissues, including the heart (Samuel et al., 2004) , lung (Huang et al., 2011) , and kidney (Hewitson, Ho, & Samuel, 2010) 
| LACTOCRINE EFFECTS ON NEONATAL PORCINE UTERINE DEVELOPMENT
Focus on lactocrine signaling during the first few days of life is based on maternal-neonatal physiology (Figure 1 ). At the start of lactation, colostrum is rich in MbFs, but its composition changes over the next 24-48 hr as mature milk is formed. Colostral protein concentration decreases linearly during the first 12 hr after parturition (Klobasa et al., 1987) . Meanwhile, in the neonate at birth, intestinal cells have the ability to take up macromolecules and transport them intact into the circulation (Sangild, 2003) . Protein and peptide MbFs can cross the intestine to affect target tissues through carrier-mediated transport, transcytosis, and paracellular passive diffusion (Wada & Lonnerdal, 2014) . The ability of the gastrointestinal tract to absorb macromolecules declines over time as gut closure occurs. The timing of gut closure is species-specific (Pacha, 2000) and, in pigs, is estimated to occur 24-48 hr after birth (Lecce & Morgan, 1962) . Therefore, a window of opportunity for uptake of macromolecular MbFs is open shortly after birth in nursing pigs.
To further test the lactocrine hypothesis in pigs, a study was conducted to determine effects of nursing and imposition of a lactocrine-null state from birth, by feeding a commercial milk replacer in lieu of nursing for the first 48 hr of life, on porcine uterine development at postnatal Days (PNDs) 2 and 14 (Miller, Wiley, Chen, Bagnell, & Bartol, 2013) . Porcine endometrial histoarchitecture at PND 2 was not affected overtly by replacer feeding from birth. However, imposition of the lactocrine-null state for 48 hr from birth reduced uterine glandular and luminal epithelial cell proliferation, as well as stromal Estrogen receptor 1 (ESR1)labeling index were reduced by PND 2. Returning lactocrine-null gilts to nurse at the end of PND 2 failed to rescue the phenotype in that endometrial development, reflected by endometrial thickness and gland penetration depth, was markedly retarded at PND 14 in lactocrine-null gilts . Consistently, imposition of the lactocrinenull state for 2 days from birth reduced endometrial epithelial and stromal cell proliferation, as well as epithelial expression of the gene encoding Estrogen receptor 1 by PND 14. Effects of milk replacer feeding for 2 days from birth on endometrial histoarchitecture at PND 14 were similar to effects observed for gilts of the same age treated daily from birth with the anti-estrogen ICI 182,780 (Tarleton, Wiley, & Bartol, 1999) .
Given evidence for lactocrine signaling within the first 2 days of life and data indicating that delay of nursing for 4 hr from birth decreased neonatal serum immunoglobulin levels by 50% (Coalson & Lecce, 1973) , it was of interest to determine how timing and duration of nursing from birth affect neonatal uterine and cervical development. Study of the neonatal porcine uterine transcriptome (see below)
indicated that the matrix metalloprotease (MMP) tissue inhibitor of FIGURE 1 Relationship between the relative abundance of MbFs and permeability of neonatal gastrointestinal epithelium between birth (Hour 0) and 48 hr postnatal in the pig. Generally, protein and other components of colostrum (first milk) are present at highest concentrations at the onset of lactation and decline through the next 48 hr. Gut permeability to macromolecules is also maximal at birth and declines over the same period. Gut closure is thought to occur by approximately 48 hr postnatal. Considered in light of data indicating that nursing for 12 hr from birth may be sufficient to establish a normal uterine developmental program, these relationships suggest that the first 12 hr of neonatal life define a critical window for lactocrine signaling and maternal lactocrine programming of uterine development. However, bioactive peptides may still be delivered across the gastrointestinal epithelium after this period via carrier mediated transport, transcytosis, and/or paracellular diffusion. Inset, adapted with permission from Wada and Lonnerdal (2014) . TJ, epithelial tight junctions metalloproteinase (TIMP) system is lactocrine-sensitive (Rahman et al., 2016) . MMP9 protein abundance, for example, increased in gilts nursed for 2 days from birth when compared to replacer-fed animals in both the neonatal uterus and cervix (Frankshun et al., 2012) . The gelatinolytic MMPs, MMP2 and MMP9, are proteolytic enzymes that remodel the extracellular matrix, and are important for tissue growth for both development and disease (Bonnans, Chou, & Werb, 2014) . Specific TIMPs are co-expressed with and regulate activity of MMPs (Yamamoto, Murphy, & Troeberg, 2015) .
When neonatal gilts were allowed to begin nursing at either 0 hr or 30 min of age, uterine proMMP9, MMP9, and TIMP1, as well as cervical proMMP9 and MMP9, were detected at PND 2 .
However, when nursing was delayed by 12 hr or when gilts were fed milk replacer for 48 hr from birth, these MMP proteins were undetectable.
When duration of nursing from birth was increased from 30 min to 12 hr, both uterine and cervical MMP9 levels increased to those observed in gilts nursed for 48 hr. Uterine MMP2 proteins were detectable in these tissues but were not affected by age at first nursing or duration of nursing. These studies indicate that colostrum consumption within 12 hr of birth is necessary and may be sufficient for neonatal uterine MMP9/ TIMP and cervical MMP9 expression to occur normally .
Both age at first nursing and duration of nursing are important for female reproductive tract development since they affect the quality and quantity of colostrum consumed by neonates.
| NURSING AFFECTS NEONATAL CERVICAL DEVELOPMENT
In the porcine neonatal cervix at PND 2, luminal epithelial height and crypt depth were similar in gilts that were nursed or replacer-fed from birth. However, compared to nursed gilts, imposition of the lactocrinenull state from birth reduced luminal epithelial cell height and crypt depth by PND 14 in the cervix . Cervical crypt development increased from PND 2 to PND 14 and was marked by more extensive cervical crypt branching in gilts nursed for 2 weeks compared to gilts fed milk replacer over the same period. Consistent with observations for the uterus , returning replacer-fed gilts to nursing on PND 2 failed to rescue the cervical phenotype induced by replacer feeding, as reflected by tissue histology on PND 14. Both cervical crypt and stromal cell proliferation on PND 14 decreased in replacer-fed gilts returned to nursing on PND 2 . These studies extended findings for the porcine uterus by showing that the neonatal porcine cervix is lactocrine sensitive and that growth-promoting factors in colostrum support cervical development.
Data indicating that nursing for 12 hr from birth may be sufficient to establish normal uterine and cervical organizational programs reinforced the idea that lactocrine effects on female reproductive tract development occur quickly once nursing begins. In order to develop a shorter bioassay with which to study lactocrine signaling, gilts were given a single feeding of either lactation Hour 0 colostrum or milk replacer and then both groups were fed milk replacer for the next 12 hr when tissues were collected. Compared to replacerfed gilts, a single feeding of colostrum at birth increased cervical cell proliferation by 12 hr postnatal . Using this 12-hr bioassay, effects of oral administration of Insulin-like growth factor 1 (IGF1), a naturally occurring MbF (Donovan, McNeil, Jimenez-Flores, & Odle, 1994; Simmen, Simmen, & Reinhart, 1988) , were studied. Oral IGF1 is bioactive in neonatal pigs, as documented by increased intestinal crypt cell proliferation and villus height (Burrin, Wester, Davis, Amick, & Heath, 1996; Houle et al., 2000; Xu, Mellor, Birtles, Breier, & Gluckman, 1994) . When administered orally at birth, IGF1 induced cervical cell proliferation in replacer-fed gilts and increased markers of IGF1 signaling (Shelton, Steelman, White, & McCubrey, 2004) , including phosphorylated AKT and the anti-apoptotic protein B-cell lymphoma 2, in both colostrum and replacer-fed gilts at 12 hr postnatal . Results indicated that IGF1 can be lactocrine-active in somatic tissues, including the cervix, and that a 12-hr bioassay system can be used to identify lactocrine-active MbFs.
7 | LACTOCRINE SIGNALING AND THE NEONATAL UTERINE TRANSCRIPTOME RNA sequencing (RNAseq) of the neonatal porcine uterus revealed both age-and lactocrine-sensitive changes in gene expression from birth to PND 2 (Rahman et al., 2016) . In nursed gilts, RNAseq analysis identified 3,283 differentially expressed genes associated with age between birth and PND 2. By comparison, 4,662 uterine genes were differentially expressed when gilts were fed milk replacer for 2 days from birth. Lactocrine-sensitive uterine genes were also identified on PND 2, with 896 differentially expressed genes in nursed compared to replacer-fed gilts (Rahman et al., 2016) . Bioinformatic analyses of gene expression data revealed age-and lactocrine-sensitive biological processes and pathways enriched in the neonatal porcine uterus at PND 2, including cell adhesion, morphogenesis, and cell-cell signaling (Rahman et al., 2016) . Estrogen receptor 1 and hedgehog signaling pathways were likewise enriched in an age-dependent manner in nursed gilts. Lactocrine-sensitive processes included response to wounding, the plasminogen activator network, and coagulation.
MicroRNAs are necessary for normal uterine development (Nothnick, 2016) and were identified in adult porcine endometrium during early pregnancy (Bidarimath et al., 2015; Krawczynski, Bauersachs, Reliszko, Graf, & Kaczmarek, 2015; Su et al., 2014) .
Age and lactocrine effects on the neonatal porcine uterine miRNA transcriptome were defined using the same uterine tissues from which mRNAseq data were generated (Rahman et al., 2016) . Between birth and PND 2, 31 uterine miRNAs, predicted to target 251 mRNAs, were differentially expressed in nursed gilts, while 42 miRNAs, predicted to target 585 mRNAs, were differentially expressed in milk replacer-fed gilts. Six lactocrinesensitive miRNAs, predicted to target 81 mRNAs, were differentially expressed in uteri from nursed compared to replacer-fed gilts on PND 2. Integrated target prediction and functional annotation analyses revealed novel age-and lactocrine-sensitive miRNA-mRNA interactions and biological processes associated with porcine BAGNELL ET AL.
| 5 neonatal uterine development. Biological processes predicted to be affected by these molecular interactions included cell-to-cell signaling and interaction, cellular assembly and organization, cellular function and maintenance, and cell and tissue morphology. Results of miRNAseq studies were complementary to neonatal uterine RNAseq data (Rahman et al., 2016) , and predicted that some ageand lactocrine-sensitive post-transcriptional regulation of porcine uterine gene expression between birth and PND 2 are mediated by miRNA-RNA interactions.
| LONG-TERM IMPACT OF NURSING ON PORCINE UTERINE FUNCTION
The lactocrine hypothesis predicts that disruption of lactocrine signaling-as may occur experimentally by substitution of milk replacer for colostrum or naturally through mastitis, agalactia, or competition for teat position (Kraeling & Webel, 2015; Vallet et al., 2015; Wu et al., 2010 )-affects both the neonatal uterine developmental program as well as the functional trajectory of developing uterine tissues, with lasting consequences . Consistently, data for the pig indicate that experimental imposition of a lactocrine-null state from birth alters the neonatal uterine developmental program at molecular, cellular, and morphogenetic levels. The long-term impact of nursing on uterine capacity and other aspects of reproductive development and performance in female pigs is also documented Vallet et al., 2015) .
The immunoglobulin-immunocrit (iCrit) assay (Vallet, Miles, & Rempel, 2013) was developed to provide a rapid measure of the passive transfer of immunoglobulins from sow to piglet, and can be used to assess the relative amount of colostrum acquired by nursing piglets (Vallet et al., 2015) . Of course, serum immunoglobulins in neonatal pigs can also be influenced by other factors, including colostral immunoglobulin concentration and birth rank (Devillers, LeDividich, & Prunier, 2011) . Nevertheless, minimal colostrum consumption on PND 0, as reflected by low serum iCrit ratio in nursing female piglets, was predicted by the lactocrine hypothesis to be associated negatively with adult uterine capacity.
Results of a retrospective study involving 381 gilts, for which PND 0 serum iCrit values were obtained and live litter sizes were recorded for the same pigs as adults through four parities, confirmed this prediction . Low serum iCrit on PND 0, reflecting reduced colostrum consumption, was associated with reduced lifetime fecundity, as reflected by data for number of piglets born alive . In that study, live litter size was predicted to drop off substantially when the PND 0 serum iCrit ratio fell below 0.05. In a subsequent prospective study of the same design, PND 0 serum iCrit measures were obtained on 16,762 piglets (Vallet et al., 2015) . Age at puberty was recorded for a subset of 2,857 gilts, and live-litter-size data were obtained on a subset of 799 gilts through the fourth parity. Low PND 0 serum iCrit values were associated significantly with both increased age at puberty and reduced live litter size. The difference in live litter size for females with low versus high PND 0 serum iCrit was estimated at 1.4 piglets per litter (Vallet et al., 2015) . These studies were interpreted to indicate that (i) neonatal serum iCrit values, indicative of colostrum consumption on PND 0, are predictive of functional uterine capacity in adults and (ii) insufficient colostrum consumption on PND 0 can permanently impair reproductive performance in adult female pigs Vallet et al., 2015) . Results also suggested lactocrinedependent effects on other aspects of reproductive development in female pigs, as indicated by data for age at puberty.
In contrast to experimental imposition of a lactocrine-null condition from birth by milk replacer feeding, where nursing offspring do not receive colostrum, effects of low PND 0 serum iCrit on adult uterine capacity reflect the consequences of reduced or impaired colostrum consumption in neonates that are still nursing normally. While constituents of porcine colostrum are present at highest concentrations on lactation Day 1 (Coalson & Lecce, 1973; Farmer & Quesnel, 2009; Klobasa et al., 1987) , the composition of porcine colostrum can vary from anterior to posterior mammary glands (Wu et al., 2010) . Thus, competition for teat position affects both the amount and quality of colostrum consumed by nursing piglets. Consequently, lactocrine support for uterine development and programming should vary both within and among litters. Even in the face of such variation, as supported by evidence reviewed above indicating that low PND 0 serum iCrit is associated with reduced fecundity in adults, the lactocrine hypothesis predicts that disruption of lactocrine input from birth, as reflected by PND 0 iCrit, should alter the uterine developmental program.
Therefore, a study was conducted to determine effects of low versus high PND 0 iCrit in nursing female piglets on endometrial development in uterine tissues obtained on PND 14.
Two groups of gilts were identified based on PND 0 serum iCrit ratios (high values of 0.13 ± 0.005 versus low values of 0.03 ± 0.005; p < 0.01; n = 12 gilts per group). Consistent with data reported for effects of experimental imposition of a lactocrine-null condition from birth , low PND 0 serum iCrit was associated with retarded endometrial development, including uterine gland genesis, and reduced endometrial Proliferating cell nuclear antigen and Estrogen receptor 1 labeling indices on PND 14 . Results confirm and extend experimental observations and provide additional evidence for the validity of the lactocrine hypothesis for maternal programming of uterine development. Studies now underway will determine effects of colostrum consumption at birth, as reflected by PND 0 serum iCrit (high versus low), on the peri-attachment stage endometrial transcriptome in pregnant gilts.
| NURSING AFFECTS NEONATAL TESTICULAR DEVELOPMENT
Lactocrine effects are not confined to the female reproductive tract, as documented by studies illustrating effects of nursing on porcine testicular development . In pigs, the first wave of Sertoli cell proliferation occurs within the first 2 weeks of life (McCoard, Lunstra, Wise, & Ford, 2001) . Sertoli cell number, established in the prepubertal boar (Franca, Chiarini-Garcia, Garcia, & Debeljuk, 2000) , determines adult testis size and capacity for sperm production (McCoard et al., 2001) . Thus, the importance of the neonatal period for porcine testicular development is clear. In boars nursed for 2 days from birth, Sertoli cell proliferating cell nuclear antigen-labeling index, a measure of cell proliferation, increased when compared to replacer-fed boars . Likewise, Sertoli cell number and GATA4 protein abundance increased from birth to PND 2 only in nursed boars. While testicular P450scc was detected, relative levels of this steroidogenic enzyme were not altered by age or nursing. However, testicular Relaxin receptor (RXFP1) gene expression increased in replacer-fed boars on PND 2, which may be due, in part, to the absence of milk-borne relaxin Yan, Wiley et al., 2006) in replacer-fed animals. Relaxin is found in porcine colostrum Yan, Wiley et al., 2006) and exogenous relaxin decreased expression of its own receptor, RXFP1, in the porcine uterus and cervix (Yan et al., 2008) . Thus, by eliminating milk-borne relaxin, replacer feeding may remove inhibition of RXFP1 expression in the neonatal porcine testis, thereby compromising testicular development.
| CONCLUDING REMARKS
The lactocrine hypothesis suggests that maternal effects on the trajectory of offspring development extend into the postnatal period via trophic factors communicated to nursing young in colostrum/milk . Female reproductive tract tissues, including the uterus, are incompletely developed at birth (Cooke et al., 2013) , and evidence from multiple species Cooke et al., 2012; Filant, Zhou, & Spencer, 2012) , including the pig (Bartol et al., 1993; Tarleton, Braden, Wiley, & Bartol, 2003) and continues until weaning. Postnatally, porcine uterine growth and development proceed in an ovary-independent manner from birth to PND 60. The fact that uterine growth and histogenesis proceed normally during this period in gilts ovariectomized at birth supports a role for extra-ovarian uterotrophic factors. Events associated with postnatal uterine endometrial development are supported by lactocrine-active factors. Consumption of colostrum for 12 hr from birth, during the lactocrine-programming window, is necessary and may be sufficient to establish an optimal uterine developmental program. Lactocrine-active MbFs are present in colostrum at highest concentrations at birth, and delivery of MbFs to nursing offspring may be most efficient during the first 48 hr of postnatal life, prior to gut closure. Nascent uterine glandular epithelium begins to differentiate from luminal epithelium by 24 hr postnatal. Over 3,000 age-sensitive and 800 lactocrinesensitive differential uterine gene expression events were documented to occur between birth and 48 hr postnatal. Evidence of permanent impairment of reproductive performance in adult female pigs that did not receive sufficient colostrum within 24 hr of birth emphasizes the importance of processes that define both the quality and availability of lactocrine factors to nursing offspring. Adapted, in part and with permission, from Bartol et al. (2017) These observations established that the uterus remains organizationally plastic for a period of time neonatally .
Uterine development in the pig proceeds in an ovary-independent manner between birth and approximately PND 60 (Figure 2) (Bartol et al., 1993; Tarleton, Wiley, Spencer, Moss, & Bartol, 1998) . Effects of age on neonatal uterine weight, endometrial and myometrial thickness, and patterns of uterine gland genesis during this period are positive in both ovary-intact gilts and gilts ovariectomized at birth (Tarleton et al., 1998) . Thus, extraovarian uterotrophic factors, including some that may be constitutive to uterine tissues, support porcine uterine development during early postnatal life. Data reviewed here support the hypothesis that colostrum is an important source of extraovarian uterotrophic support between birth and weaning in the pig (Figure 2 ). Given that neonatal porcine uterine tissues are organizationally plastic , disruption of such lactocrine support shortly after birth should be expected to affect the trajectory of uterine development and, ultimately, uterine function.
Data for the pig, reviewed here, indicate that (i) imposition of a lactocrine-null condition from birth alters patterns of uterine (Rahman et al., 2016) and endometrial gene expression by PND 2; (ii) disruption of normal lactocrine input from birth retards neonatal uterine endometrial development ; and (iii) the amount of colostrum obtained by piglets on PND 0 affects their adult uterine capacity to produce large, viable litters Vallet et al., 2015) . Recognizing that a low PND 0 iCrit value is associated with reduced pre-weaning growth rate (Vallet et al., 2015) , these observations are consistent with the idea that that nature of lactocrine support experienced by nursing female piglets from birth can determine adult reproductive performance and fecundity. To the extent that MbFs are necessary to support uterine development, both quality and availability of colostrum are likely to be important factors affecting this process (Kraeling & Webel, 2015; Vallet et al., 2015; Wu et al., 2010) . In this regard, it is important to recognize that colostrogenesis begins prenatally ( Figure 2 ) and is affected by physiological conditions that evolve during late gestation in the maternal environment (Farmer & Quesnel, 2009; Foisnet, Farmer, David, & Quesnel, 2010; Baumrucker & Bruckmaier, 2014) . Given that (i) colostrum consumption at birth affects cellular and molecular events associated with porcine cervical development by 12 hr postnatal  (ii) nursing for 12 hr from birth may be sufficient to establish normal uterine and cervical developmental programs ; and (iii) colostral protein content is highest within 12-24 hr after birth (Coalson & Lecce, 1973; Foisnet et al., 2010; Klobasa et al., 1987) , prior to gut closure (Lecce & Morgan, 1962) 
